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Description 

The present invention relates to electrically erasa- 
ble phase change memories. 

BACKGROUND AND PRIOR ART 

The general concept of utilizing electrically erasable 
phase change materials (i.e., materials which can be 
electrically switched between generally amorphous and 
generally crystalline states) for electronic memory ap- 
plications is well known in the art and is disclosed, for 
example, in U.S. patent 3,271,591 - Ovshinsky, issued 
September 6, 1966 and in U.S. patent 3,530,441 - 
Ovshinsky, issued September 22, 1 970, both assigned 
to the same assignee as the present invention. 

As disclosed in the aforementioned Ovshinsky pat- 
ents, such phase change materials can be electrically 
switched between two different structural states of gen- 
erally amorphous and generally crystalline local order 
or between different detectable states of local order 
across the complete spectrum between the completely 
amorphous and completely crystalline states. That is, 
the switching of such materials is not required to take 
place between completely amorphous and completely 
crystalline states but rather can be in incremental steps 
of local order changes to provide a "gray scale" repre- 
sented by a multiplicity of conditions of local order 
across the spectrum between completely amorphous 
and completely crystalline states. The materials de- 
scribed can also be switched between only two struc- 
tural states of generally amorphous and generally crys- 
talline local order to accommodate storage and retrieval 
of digital information. 

The Ovshinsky electrically erasable phase change 
memories were fully adequate for many applications at 
the time they were originally introduced and were uti- 
lized in a number of applications. However, because fur- 
ther development of that early technology was not pos- 
sible because of lack of the necessary resources to car- 
ry the same forward, subsequent developments in other 
fields of solid state, electronic memories and in other 
types of memories in general, such as those utilizing 
magnetic and optical media, gradually displaced that 
early electrically erasable phase change technology. 

As a result of the aforementioned lack of on going 
development support, there are at the present time sev- 
eral limitations in the electrically erasable memory ap- 
plications of the Ovshinsky phase change materials 
which have prevented their widespread use in electri- 
cally erasable phase change memories. One of these 
has been the relatively slow (by present standards) elec- 
trical switching speed which such prior art materials 
have exhibited, particularly in the direction of greater lo- 
cal order or in the direction of increasing crystallization. 
Another has been the relatively high energy required for 
initiating the phase change between one state and the 
other. 
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For example, the switching times of such prior art 
phase change materials are typically in the range of a 
few milliseconds for the set time from the amorphous 
state to the crystalline state and perhaps a microsecond 
5 or so reset time from the crystalline state back to amor- 
phous state. The electrical energy required to switch 
such prior art materials was typically measured in the 
range of about a microjoule. 

The concept of utilizing the Ovshinsky phase 
10 change materials in non-erasable or non-reversible, 
write-once electrically programmable memories is also 
well known in the prior art. This type of electrically pro- 
grammable phase change memory is disclosed, for ex- 
ample, in U.S. patents 4,499,557 - Holmberg et al., is- 
15 sued February 12, 1985 and 4,599,705 - Holmberg et 
al., issued July 8, 1986, and assigned to the same as- 
signee as the present invention. The aforementioned 
Holmberg et al. patents include tetrahedrally chemically 
bonded materials such as carbon, silicon and germani- 
um and alloys thereof as phase change materials which 
are utilized in a non-reversible or non-resettable mode. 
Moreover, US-A- 4 599 705 discloses an electrically 
erasable phase change memory in accordance with the 
preamble of claims 1 and 11. Such materials are dis- 
closed as having, for example, characteristics which re- 
quire threshold setting voltages of up to 10 volts, cur- 
rents up to 25 milliamps and setting times of up to 100 
microseconds. Thus, the set energy required is up to 
250 milliwatts with set times up to 100 microseconds. 

Accordingly, because of the lack of on going devel- 
opment support, these materials have not found wide- 
spread use in reversible or electrically erasable memory 
applications, where other types of memories offer sub- 
stantially lower switching times and energies. Instead, 
other forms of solid state, electronic memories have 
evolved and have enjoyed some limited use in these ap- 
plications. These memories typically use several solid 
state microelectronic circuit elements for each memory 
bit, as many as three or four transistors per bit, for ex- 
ample, in some memory applications. The primary 
memory elements in such solid state memories are typ- 
ically floating gate field effect transistor devices which 
hold a charge on the field effect transistor gate to store 
a memory bit. Since this charge can leak off with the 
passage of time, the storage of information is thus not 
truly non-volatile as it is in the phase change media 
where information is stored through changes in the ac- 
tual structure of the material. 

Such solid state, electronic memories which are 
presently in use are also relatively expensive to manu- 
facture and their cost is typically about twice the cost 
per bit of storage capacity in relation to magnetic disk 
storage. On the other hand, solid state, electronic mem- 
ories have certain advantages over magnetic disk mem- 
ories in that solid state memories have no moving parts, 
are easy to transport and store and are more versatile 
in their adaptability for use with portable computers and 
other portable electronic devices. In addition, such solid 
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state memories are usually true random access sys- 
tems as opposed to disk types which require physical 
movement of the disk head to the proper data track for 
accessing the desired memory location. 

However, in spite of such advantages of solid state s 
electrically erasable memories, their substantially high- 
er costs have prevented them from enjoying a substan- 
tial share of the market now dominated by disk type 
memory systems. Although solid state memories based 
on phase change materials have shown potential for 10 
manufacture at reduced costs, the performance param- 
eters available from such systems as known in the prior 
art have not been adequate to permit their widespread 
use as replacements for disk type systems or other solid 
state memory systems of the type described above. is 

SUMMARY OF THE INVENTION 

The present invention is defined in claims 1 and 11 
and provides a solid state, erasable, electronic memory 20 
utilizing unique phase change materials in specially 
adapted configurations which exhibit orders of magni- 
tude higher switching speeds at energy levels which are 
remarkably reduced from those attainable in prior art 
systems. The new memory has stable and truly non-vol- ^ 
atile structural states, which can be selected between 
two switchable structural states of detectably different 
local order for application to typical digital systems, or 
which can be selected from a number of intermediate 
structural states of detectably different local order to pro- so 
vide a gray scale of available memory setting conditions. 
The magnitude of the improvement in switching times 
and in switching energies is truly enormous, being in the 
range of a number of orders of magnitude and not just 
incremental in nature, and is totally unexpected and be- 35 
yond what was thought possible with prior art materials. 

One embodiment of the invention utilizes an elec- 
trically switchable material of a composition and stoichi- 
ometry such that the elements of the material are dis- 
tributed within the material in the amorphous state and *o 
are substantially fully absorbed per unit volume of the 
material in one or more stable crystalline phases in the 
crystalline state. The elements are also preferably ab- 
sorbed in the one or more crystalline phases with sub- 
stantially the same local atomic density of the constitu- 45 
ent elements as present in the amorphous state. Migra- 
tion of the elements within the material in the course of 
the switching transitions is thus minimized and both the 
switching times and energy levels are thereby very sub- 
stantially reduced from those attainable in prior art elec- so 
trically erasable phase change systems. 

In another embodiment, the characteristics of the 
electrical switching parameters are generated relative 
to the material transition parameters such that optimum 
switching transitions are provided, thereby further en- 55 
hancing performance relative to that attainable in the pri- 
or art. 

In still another embodiment, a memory configura- 
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tion utilizing the novel materials of the invention is set 
forth in which the bit density of the memory is greatly 
increased and enhanced over prior art configurations 
and in which performance parameters are further im- 
proved. 

Other embodiments and features of the present in- 
vention as well as other advantages and objects thereof 
will be set forth and become apparent the detailed de- 
scription which follows, taken in connection with the ac- 
companying drawings. 

DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a fragmentary cross sectional view of a por- 
tion of an integrated circuit electrically erasable 
phase change memory configuration embodying 
the present invention; 

Fig. 2 is a fragmentary cross sectional view of a por- 
tion of an integrated circuit electrically erasable 
phase change memory configuration illustrating an- 
other embodiment of the present invention; 
Fig. 3 is a top plan view of a portion of the integrated 
circuit configurations of Figs. 1 and 2; 
Fig. 4 is a partial circuit diagram of a portion of the 
circuitry of the integrated circuit configurations of 
Figs. 1 and 2; 

Fig. 4A is a diagrammatical illustration of a portion 
of a single crystal semiconductor substrate with in- 
tegrated memory and addressing matrixes embod- 
ying the present invention; 
Fig. 5 is a graphical presentation of data taken on 
samples of electrically erasable phase change ma- 
terials embodying the present invention and show- 
ing resistance in the crystalline state after switching 
from the amorphous state in relation to switching 
energy; 

Fig. 6 is a graphical presentation of data on device 
resistance in relation to switching energy for differ- 
ent pulse widths; 

Fig. 7 is a graphical presentation of data relating to 
device "on" resistance as a function of the number 
of set pulses sequentially applied to the device and 
illustrating gray scale capability; and 
Fig. 8 is a graphical presentation of data relating to 
device "on" resistance as a function of load resist- 
ance which controls current flow after firing of the 
device. 

DETAILED DESCRIPTION OF THE INVENTION 

We have discovered that while prior art erasable 
electrical phase change memories have been based on 
changes in local structural order, they have also typically 
accommodated such structural changes by atomic 
movement of certain species within the material to per- 
mit phase separation as the material is switched from 
the amorphous state to a multi-phase crystalline state. 
For example, in the case of electrically switchable chal- 
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cogenide alloys formed of tellurium and germanium, 
such as those comprising about 80% to 85% tellurium 
and about 15% germanium along with certain other el- 
ements in small quantities of about one to two percent 
each, such as sulfur and arsenic, the more ordered or 
crystalline state was typically characterized by the for- 
mation of a highly electrically conductive crystalline Te 
filament within the swrtchable pore of the memory ma- 
terial. A typical composition of such a prior art material 
would be, for example, Te 81 Ge 15 S 2 As 2 . Another exam- 
ple of such a prior art material is Te 81 Ge 15 S 2 Sb 2 . Be- 
cause Te is so highly conductive in its crystalline state, 
a very low resistance condition was therefore estab- 
lished through the crystalline Te filament which was a 
number of orders of magnitude lower than the resist- 
ance of the pore in the less ordered or amorphous state. 

However, the formation of the conductive Te fila- 
ment in the crystalline state required migration of the Te 
atoms from their atomic configuration in the amorphous 
state to the new locally concentrated atomic configura- 
tion in the crystalline Te filament state. Similarly, when 
the material was switched back to the amorphous state, 
the Te which had precipitated out into the crystalline fil- 
ament was required to migrate within the materia! from 
its locally concentrated form in the filament back to its 
atomic configuration in the amorphous state. 

We have found that this atomic migration, diffusion 
or rearrangement between the amorphous and crystal- 
line states required in each case a holding or dwell time 
necessary to accommodate the migration, thereby mak- 
ing the switching time and energy relatively high com- 
pared to other types of erasable semiconductor memo- 
ries. We have now discovered certain new principles 
which permit a remarkable improvement in both switch- 
ing time and energy for this type of electrically erasable 
phase change memory. 

One simple form of a material which meets the se- 
lection criteria of the present invention is Te^Ge^Sb^ 
average composition by atomic percent, which is distrib- 
uted throughout the material in the amorphous state and 
which crystallizes into two crystalline phases of approx- 
imate compositions of Te52Ge 18 Sb 30 for one phase and 
Te 52 Ge 30 Sb 18 for the other phase which are present in 
about equal atomic fractions but in proportion to each 
other such that all of the atoms of the elements present 
in the amorphous state are absorbed in the two crystal- 
line phases of the crystalline state. Thus, there are avail- 
able readily formed multi-element crystalline phases 
which absorb or consume substantially all of the ele- 
ments which are present in the amorphous state, there- 
by avoiding the precipitation out of the lattice of any sep- 
arate elements which are not substantially fully ab- 
sorbed in the readily formed major crystalline phases. 

Because of the lack of any substantial atomic mi- 
gration associated with the phase changes between the 
amorphous and crystalline structures, the phase transi- 
tions occur rapidly and with a high degree of stability of 
both the amorphous and crystalline states. 



A further criterion of another embodiment of the 
present invention is that the semiconductor band gap of 
the material be substantially reduced in the transition 
from the amorphous to the crystalline state, or even that 

s it substantially or completely collapse such that the con- 
duction and valence bands are close to each other or 
overlap. If the band gap is very small in the crystalline 
state relative to the amorphous state, thermally gener- 
ated carriers under normal operating conditions will pro- 

10 vide good conductivity and low resistance in the crystal- 
line state compared to the amorphous state. 

Another composition which meets the criteria of the 
invention is Te^Ge^Sbg, which forms a single crystal- 
line phase of substantially the same composition as the 

is elements in the amorphous state. Thus, the material is 
com position ally substantially the same in the amor- 
phous state and in the single crystalline phase which is 
formed when the material is electrically switched to the 
crystalline state. This material exhibits a further advan- 

20 tage in accordance with another above-mentioned cri- 
terion of the invention in that its electronic band gap is 
caused to collapse in the transition from the amorphous 
state and the crystalline state such that it is no longer a 
semiconductor but rather is a metal or a semi-metal. 

25 That is, its band gap collapses and the conduction and 
valence bands overlap in the crystalline state, thereby 
providing a very high electrical conductivity and exhib- 
iting essentially a metallic form of electrical conduction. 
This yields a very high ratio of resistances between the 

30 "on" and "off" or "set" and "reset" conditions. 

The transition of the aforementioned material to a 
semi -metal state was determined by measuring the tem- 
perature dependence of the electrical conductivity of the 
material. In a semiconductor, electrical conductivity in- 

35 creases with increasing temperature. It was found that, 
instead, the electrical conductivity of the aforemen- 
tioned material in the crystalline state actually de- 
creased slightly with increasing temperature, thereby 
exhibiting the properties of a material in which the va- 

40 lence and conduction bands actually overlap. 

Other available crystalline structural phases for 
these elements have been determined to be 
Te 52 Ge 43 Sb 5 and Te^Ge^Sbgo. Similar preferred crys- 
talline structural phases can be determined for other 

45 combinations of elements in accordance with the teach- 
ings of the present invention such that the formation of 
the available multi-element crystalline phases substan- 
tially absorbs all of the elements present in the amor- 
phous state. 

so The elements of the erasably switchable alloy are 
selected such that substantially all of the elements in the 
composition are distributed in the amorphous state and 
are all substantially absorbed per unit volume of the ma- 
terial into stable crystalline phases in the transition from 

55 the amorphous state to the crystalline state. The result 
is a material which can be very rapidly switched between 
the two states at a very low energy, that is, at switching 
times and energy levels far below those attainable or 
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heretofore even thought possible with prior art erasable 
electrical memory materials. 

The compositional stoichiometry of the constituent 
elements within the material is such that all of the con- 
stituent elements are substantially fully absorbed per 
unit volume of material in one or more crystalline phases 
which are formed in the crystalline state. In addition, the 
constituent elements are preferably absorbed in the one 
or more crystalline phases with substantially the same 
average local atomic density distribution, i.e., the same 
average local concentration, of the constituent elements 
as present in the amorphous state. Thus, the material 
is fully crystallized per unit volume and the local atomic 
density of the constituent elements is only minimally dis- 
turbed by the transitions between the amorphous and 
crystalline states. Atomic migration within the material 
during phase transitions is thus minimized and electrical 
switching speeds and energies are remarkably reduced 
by orders of magnitude below prior art electrically eras- 
able phase change memories. 

The elements of the material will usually be sub- 
stantially homogeneously distributed within the material 
as originally deposited but may become locally some- 
what concentrated in certain regions of the material to 
conform to the crystalline phase locations and concen- 
trations of the atoms in the matrix. However, in the phase 
transition from the crystalline to the amorphous state, 
the material becomes molten and diffusion takes place 
which would tend to distribute the atoms somewhat ho- 
mogeneously within the bulk of the material. Such ho- 
mogeneous distribution in the amorphous state is not 
necessary, however, for the material to function in ac- 
cordance with the invention. The elements of the phase 
change material are thus described herein as being dis- 
tributed throughout the material in the amorphous state, 
but it is to be understood that such distribution may in- 
clude some localized concentrations of some or all of 
the elements that may occur with switching back and 
forth between amorphous and crystalline states. 

It is to be understood, of course, that the local atom- 
ic densities of the constituent elements can not be ex- 
actly the same in both the amorphous and the crystalline 
states. Some accommodation in the local atomic ar- 
rangement is necessary to permit the changes in struc- 
tural order between the amorphous and the crystalline 
states. What is to be avoided, however, in applying the 
principles of the present invention, is what is now under- 
stood to be the gross distortion in local atomic density 
which was characteristic of prior art electrically erasable 
phase change memories. The phrase "substantially the 
same average local atomic density distribution" is thus 
to be interpreted to permit a reasonable range of atomic 
re-arrangement and resulting variation in local atomic 
density between the amorphous and crystalline states 
which still yields the performance advantages in accord- 
ance with the teachings of the present invention. 

The terms "substantially amorphous" and "amor- 
phous" as used herein mean a condition which is rela- 



tively atomically less ordered or more disordered and 
has as a result thereof detectabty different electrical 
characteristics such as a lower electrical conductivity 
The terms "substantially crystalline" and "crystalline" 
s mean a condition which is relatively atomically more or- 
dered and has as a result thereof a detectably different 
electrical characteristic such as a higher electrical con- 
ductivity. 

It has been determined that, in one embodiment of 

io the invention, the material forms a multi-element and 
multi-phase crystalline structure in the crystalline state 
and that the crystalline phases in this state have crys- 
tallization temperatures which are relatively close to 
each other. For example, in the phase change material 

15 having the composition Te5 2 Ge 2 4Sb24 in the amorphous 
state, which crystallizes into two crystalline phases as 
described herein, it has been determined that one of 
these two phases crystallizes at 155 C and the other 
crystallizes at 172 C. It is believed that this multi-phase 

20 crystalline structure with crystalline phases which form 
at temperatures close to each other is a preferred form 
of the crystalline structure of the material of the present 
invention because the material is believed to be more 
readily switchable from the crystalline state to the amor- 

2S phous state and more stable also in the amorphous 
state. 

If the material has only one crystalline phase (some- 
times referred to herein as a "single crystalline phase"), 
but otherwise conforms to the criteria of the invention, it 

30 may be fully satisfactory for some applications but less 
optimum for other applications because it is so stable in 
the crystalline state that it may be more difficult to switch 
it back to the amorphous state and less stable in the 
amorphous state once switched back to that condition. 

35 However, such properties may be more adaptable to 
certain applications of the invention and may provide 
properties which are actually preferred for some appli- 
cations. In any event, such single crystalline phase ma- 
terial will typically exhibit the greatly enhanced speed 

*o and low switching energy characteristics of the present 
invention. 

In addition, since the one or more crystalline phases 
are stable and readily formed phases, the transition is 
reliably performed and two stable and truly non-volatile 

45 conditions are provided. 

An important principle of one aspect of the present 
invention is, however, that substantially all of the ele- 
ments present in the amorphous state be substantially 
fully absorbed in the crystalline phase or phases when 

50 the material is switched to the crystalline state. This 
greatly minimizes atomic migration and allows switching 
between phases to take place rapidly and with low 
switching energy. It is also believed that, as noted 
above, in the case of multi-phase crystalline formations, 

55 the crystallization temperatures of the different crystal- 
line phases should advantageously be close to each 
other to accommodate formation of the multiple phases 
in the same general temperature zone. 
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It is further believed that relatively small crystallite 
sizes in the crystalline phase or phases may further con- 
tribute to the rapid formation of the crystalline phase or 
phases and to the lower energy requirements for the 
transitions between amorphous and crystalline states. 

In accordance with still another aspect of the 
present invention, we have found that the switching 
characteristics of such materials may be controlled such 
that optimum switching transitions can be effected. It 
has been found that, in order for the materials of the 
present invention to perform at the substantially en- 
hanced levels which are attainable over the perform- 
ance parameters of the prior art, exact compositional 
stoichiometry is not required since the material lattice 
will typically tolerate a certain level of extraneous atomic 
material without substantial degradation in the perform- 
ance level of the material. The word 'substantially' is 
therefore used herein to mean that level of conformance 
to the stoichiometric principles taught herein which en- 
able the attainment of the improvements in performance 
parameters over prior art electrically erasable memories 
as provided by the present invention. 

As noted above, it is also believed that the relatively 
small crystallite size range of the crystalline phases may 
contribute to the rapid transition between the crystalline 
and amorphous states. We have postulated that a crys- 
talline structure which approaches a microcrystalline lat- 
tice in structure switches more rapidly between amor- 
phous and crystalline states because the microstruc- 
tures require less atomic adjustment to accommodate 
the transitions between the amorphous and crystalline 
structural states. At the same time, the multi-phase na- 
ture of the crystalline state further enhances and stabi- 
lizes the transition to the amorphous state. 

One characteristic of the phase change materials 
of the present invention is that they appear to tend to- 
ward the formation of more and smaller crystallites per 
unit volume of the material. Crystallite sizes of repre- 
sentative materials embodying the present invention 
have been found to have small crystallite sizes in the 
range of from about 1 00 to 500 Angstroms and generally 
less than the range of about 1 ,000 to 5,000 Angstroms 
characteristic of prior art materials. Crystallite size as 
referred to herein is in general the diameter of the crys- 
tallites, or the "characteristic dimension" thereof equiv- 
alent to the diameter where the crystallites are not 
spherically shaped. Thus, the term "characteristic di- 
mension' means the average distance across the crys- 
tallite, that is, either the diameter or the equivalent there- 
of. 

It has been determined that the composition in the 
amorphous state of the class of TeGeSb materials which 
meet the criteria of the present invention appear to be 
generally characterized by substantially reduced con- 
centrations in Te below those present in prior art mate- 
rials used as electrically erasable phase change mate- 
rials. In the compositions in this class which were found 
to provide the substantially improved electrical switch- 



ing performance characteristics, the average concen- 
trations of Te in the amorphous state were well below 
70%, typically below about 60% and ranged in general 
from as low as about 23% up to about 56% Te. Concen- 
s trations of Ge were above about 1 5% and ranged from 
a low of about 1 7% to about 44% average in the amor- 
phous state, remaining generally below 50% Ge, with 
the remainder of the principal constituent elements in 
this class being Sb. The percentages given are atomic 
percentages which total 100% of the atoms of the con- 
stituent elements. Thus, this class of materials may be 
characterized as Te a Ge b Sb 100 .^ a+b j, where a is equal to 
or less than about 70% and preferably equal to or less 
than about 60%, b is above about 1 5% and less than 
50%, preferably between about 17% to about 44% and 
the remainder is Sb. 

In the case of the TeGeSb class of materials, the 
following crystalline phases were found to be present 
either singly or in combination in various forms of the 
crystalline state for various approximate compositions 
falling within the above ranges of the amorphous state: 



Table I 



Observed Crystalline Phases of TeGeSb 


Name of Phase 


At % Te 


At % Ge 


At % Sb 


a 


51 


44 


5 


P 


51 


40 


9 


Y 


45 


28 


27 


5 


23 


19 


58 


^1 


56 


17 


27 




53 


30 


17 



The average for these elements in the amorphous 
state was in one sample about 53% Te, 21% Ge and 
26% Sb. 

Referring now to Fig. 1 , there is shown a cross sec- 
tional view of a portion of the structure of an electrically 
erasable phase change memory embodying the present 
invention. The memory structure is formed on a single 
crystal silicon semiconductor wafer 10 which is p-doped 
and which forms a p-substrate for the deposition of the 
remaining elements of the configuration illustrated. 

Formed in the p-substrate 10 are n+ channels 12, 
which may be formed by diffusion in a manner well 
known in the art. These n+ channels extend across the 
chip in a direction perpendicular to the plane of the illus- 
tration and form one set of electrodes, in this case the 
y set, of an x-y electrode grid for addressing the individ- 
ual memory elements. 

On top of this n+ grid structure is formed an n-doped 
crystalline epitaxial layer 14, again by techniques well 
known in the art. The n doped epitaxial layer 1 4 may be 
about 5,000 Angstroms thick, for example. Using known 
masking and doping techniques, p-doped isolation 
channels 16 are then formed in the n-epitaxial layer 14. 
These p-doped isolation channels 16 extend all the way 
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down to the p substrate 10 as shown in Fig. 1 and also 
extend completely around and isolate and define islands 
18 of the n-epitaxial layer 1 4. The islands 1 8 are shown 
more clearly in the top view of Fig. 2 wherein the p iso- 
lation channels are shown as forming an isolation grid 5 
defining and isolating the islands 18 of n epitaxial ma- 
terial. Instead of the p-doped isolation channels, Si0 2 
isolation trenches may be used for isolation of the is- 
lands 18. The technique of formation of such Si0 2 iso- 
lation trenches is well known to those skilled in the art. 10 

A layer 20 of thermally grown Si0 2 is then formed 
on the structure just described and etched out to form 
apertures 22 over the islands 18. Diffusion regions 24 
of p+ material are then formed within the areas defined 
by the apertures 22 as shown in Fig. 1. The semicon- is 
ductor junctions of the p+ regions and the n epitaxial 
layer form p-n junction diodes 26 in series with each of 
the regions of the n epitaxial layer exposed through the 
apertures 22 of the Si0 2 layer 20. 

The memory elements 30 are then deposited over 20 
the p+ regions 24 in individual ohmic electrical series 
contact with the diodes 26. The memory elements 30 
are comprised of bottom thin electrical contact layers of 
molybdenum 32 and carbon 34, the memory layer 36 
formed of a material as described above, and upper thin 25 
electrical contact layers 38 of carbon and 40 of molyb- 
denum. The contact layers 32, 34, 38 and 40 of carbon 
and molybdenum form excellent electrical contacts with 
the memory layers 36 and also form diffusion barriers 
which effectively block diffusion of elements into and out 30 
of the memory layers 36. 

The carbon layers 34 and 38 have a relatively high 
electrical resistivity and are more difficult to etch and are 
therefore preferably relatively thin, typically in the range 
of 100 to 1 ,000 Angstroms or so. The molybdenum lay- 35 
ers 32 and 40 should be thicker, say in the range of 1 ,000 
to 2,000 Angstroms or so in order to act as effective dif- 
fusion barriers for the memory layers 36. 

The memory layer 36 is formed of a multi-element 
phase change material as disclosed herein. The layer 40 
36 is preferably sputter deposited in the substantially 
amorphous state, but may be formed in other ways such 
as by evaporation or by chemical vapor deposition, 
which may be enhanced by plasma techniques such as 
RF glow discharge. The memory layer 36 may typically 45 
range in thickness from about 200 Angstroms to about 
5,000 Angstroms and is preferably about 200 to 1 ,000 
Angstroms in thickness. The lateral dimension or diam- 
eter of the pore of phase change material 36 may be in 
the range of about one micrometer or so, although there so 
is no practical limit on the lateral dimension. It has been 
determined that the diameter of the actual conductive 
path of crystalline material formed in the "set" condition 
is as small as one-quarter to one-third of a micrometer. 
The pore diameter can thus be as small as lithography 55 
resolution limits will permit. 

In a preferred embodiment of the present invention, 
the pore diameter is selected such that it conforms sub- 
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stantially with the diameter of the crystallized low resist- 
ance path wh ich is formed when the material is switched 
to the crystalline state. As noted above, the actual di- 
ameter of the crystallized low resistance path has been 
determined to be in the range of about one quarter to 
about one third or more of a micrometer. The diameter 
of the pore of memory material 36 is therefore preferably 
less than about one micrometer so that the volume of 
the memory material 36 is limited as much as is feasible 
to the volume of the phase change material 36 which is 
actually switched back and forth between the crystalline 
and amorphous states. This further reduces the switch- 
ing time and the electrical energy required to initiate the 
phase change. The pore diameter as used herein 
means the cross sectional lateral dimension of the mem- 
ory layer 36 which extends under the contact regions 
formed with the memory layer 36 and with the lower p+ 
layer and the upper conductors 42 as shown in the em- 
bodiment of Fig. 1 and, in the case of the embodiment 
of Fig. 2, with the lower metal layer 29 of the Schottky 
diode. 

It is further preferred that the pore regions of the 
memory elements 30 be thermally isolated and/or con- 
trolled except only for the required electrical contacts 
with the upper and lower contacts as necessary for prop- 
er operation of the memory elements. This further con- 
fines, limits and controls the heat transfer from the., 
switched volume of the pore and the electrical energy 
required for the phase transitions. This is accomplished . 
in the embodiments of Figs. 1 and 2 by the oxide layers " 
20 and 39 which surround the lateral peripheral portions 
of the memory elements 30. 

As used herein, the "set" condition refers to the low 
resistance substantially crystalline state and the "reset" - 
condition refers to the high resistance or substantially*-' 
amorphous state. r 

The layers 32, 34, 36, 38 and 40 are etched and an • 
oxide layer 39 is formed thereover and etched to leave 
openings above the memory elements 30 as shown. Al - 
ternatively, the memory elements may be formed in a 
two step etch process with layers 32 and 34 being first 
deposited and etched and then remaining layers 36, 38 
and 40 being deposited thereover and separately 
etched to the selected dimension. Deposited on top of 
the entire structure just described is the second elec- 
trode grid structure formed of aluminum conductors 42, 
which extend perpendicular in direction to the conduc- 
tors 12 and complete the x-y grid connection to the in- 
dividual memory elements. Overlaying the complete in- 
tegrated structure is a top encapsulating layer 44 of a 
suitable encapsulant such as Si 3 N 4 or a plastic material 
such as polyamide, which seals the structure against 
moisture and other external elements which could 
cause deterioration and degradation of performance, 
particularly of the phase change materials in the mem- 
ory layer 36. The Si 3 N 4 encapsulant can be deposited, 
for example, using a low temperature plasma deposition 
process. The polyamide material can be spin deposited 
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and baked after deposition in accordance with known 
techniques to form the encapsulant layer 44. 

The embodiment of Fig. 2 is the same as Fig. 1 ex- 
cept that a diode 27 is formed of a Schottky barrier be- 
tween the n layer 14 and a metal layer 29 which may 
be, for example, platinum silicide. In other respects, the 
embodiment of Fig. 2 is formed in the same manner as 
that of Fig. 1 and like elements are labeled with like nu- 
merals. 

The integrated structure thus formed is an x-y mem- 
ory matrix connected as shown in Fig. 3 in which each 
memory element 30 is connected in series with a diode 
26 between a horizontal x-line 42 and a vertical y-line 
12. The diodes 26 serve to isolate electrically each of 
the memory elements 30. Other circuit configurations for 
the electrically erasable memory of the present inven- 
tion are, of course, possible and feasible to implement. 

With the integrated structure as shown in the em- 
bodiment of Figs. 1 and 2, however, a completely verti- 
cally integrated structure of the memory element and its 
isolating diode is formed, thus minimizing the area oc- 
cupied on the substrate by each of the combinations of 
memory elements and diodes. This means that the den- 
sity of the memory elements in the chip is limited essen- 
tially only by the resolution of the lithography. 

In Fig. 4A, there is diagrammatical ly illustrated a 
portion of a single crystal semiconductor substrate 50 
with a memory matrix 51 embodying the present inven- 
tion formed thereon. Also formed on the same substrate 
50 is an addressing matrix 52 which is suitably connect- 
ed through integrated connections 53 to the memory 
matrix 51. The addressing matrix 52 includes signal 
generating means which define and control the set, re- 
set and read pulses applied to the memory matrix 51 . 
The addressing matrix 52 may be integrated with and 
formed simultaneously with the memory matrix 51 . 

In prior art semiconductor memories having the 
high switching speeds and low switching energies 
deemed necessary for most applications of such mem- 
ories, at least one transistor is required along with a ca- 
pacitor for each memory element. The formation of such 
memories in integrated circuit form requires at least 
three connections along with other additional complex- 
ities which occupy a certain minimum substrate area re- 
gardless of how the integrated circuit is laid out. The in- 
tegrated circuit configuration of the electrically erasable 
memory of the present invention requires only two con- 
nections to each memory element and these are made 
in vertical relationship to each other. Further, each mem- 
ory element, complete with isolating diode and the pair 
of contacts for the element, is itself fully vertically inte- 
grated such that a much higher bit density is attained 
over that possible with prior art integrated circuits per- 
forming the same or similar functions. 

In fact, the memory of the present invention allows 
a bit density which is greater than that attainable even 
in solid state dynamic random access memories 
(DRAM's), which are volatile and therefore lack the fur- 



ther advantages that non -volatility attainable with the 
present invention provides. The increase in bit density 
attainable with the present invention is translated into a 
corresponding reduction in manufacturing costs be- 
5 cause of the smaller areas of the wafer occupied per bit 
of the integrated circuit configuration. This allows the 
memory of the present invention to compete with and 
surpass other available memories for a wider range of 
applications, not only in terms of performance but also 
10 in terms of cost. 

By comparison with prior art semiconductor mem- 
ories formed of at least one transistor and a capacitor 
for each bit, the integrated circuit configuration of the 
present invention as shown in Figs. 1 and 2 can be 
is formed on a chip with approximately three times the bit 
density as such prior art configurations for the same li- 
thography resolution. In addition to the cost advantages 
which the higher bit density affords, the performance pa- 
rameters of the memory in the integrated circuit config- 
uration of the present invention are thus even further 
improved in that the elements are positioned closer to- 
gether and lead lengths, capacitances and other related 
parameters are thus further minimized, thereby further 
enhancing performance. 

Fig. 4 is a circuit diagram of a portion of the embod- 
iments of Figs. 1-3. The circuit comprises an x-y grid 
with each of the memory elements 30 being connected 
in series with a diode 26 at the cross points of the x ad- 
dress lines 42 and the y address lines 1 2 as shown. The 
address lines 12 and 42 are connected to external ad- 
dressing circuitry in a manner well known to those skilled 
in the art. 

Fig. 5 is a graphical presentation of performance 
data taken from samples of memory elements embod- 
ying the present invention. The data are presented to 
show electrical resistance in the "set" or crystalline state 
and the switching energy in Joules required to switch 
the material in each case from the amorphous state, as 
initially deposited, to the crystalline state. The high re- 
sistance of the amorphous reset state is shown in the 
upper right hand comer of the graph of Fig. 5 and is just 
under 20,000 ohms as contrasted to a set resistance of 
about 150 ohms for a set energy of about 10" 9 Joules. 
Switching times were typically in the range of 10 to 80 
nanoseconds and the switching set energy typically in 
the range of about 1 0* 9 Joules. Reset energy was about 
10 -6 Joules. These data are to be compared with the 
performance data of the prior art electrically erasable 
phase change memories which were in the range of mi- 
croseconds to milliseconds typical switching times at 
switching energies in the range of 10~ 3 to 10 -6 Joules. 
Thus, the performance parameters of the electrically 
erasable memory materials of the present invention are 
a number of orders of magnitude better than those at- 
tainable with prior art electrically erasable phase change 
memory materials. 

In addition, it is to be noted with reference to Fig. 5 
that the "set" resistance varies in a substantially linear 
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fashion with the level of the energy of the set pulse, be- 
ing about 1 50 ohms for a set pulse of about 1 0" 9 Joules 
and about 2,000 ohms for a set pulse of about 10* 11 
Joules, with a fairly linear characteristic in between 
these points. This provides a gray scale characteristic 
which allows the memory elements of the present inven- 
tion to behave in an adaptive memory response rela- 
tionship, thereby allowing application to adaptive mem- 
ory systems. 

Fig. 6 is a graphical presentation of data on electri- 
cal switching characteristics taken on samples of mem- 
ory elements manufactured in accordance with and em- 
bodying the present invention. Device resistance in 
ohms is shown in relation to switching energy in Joules 
for reset pulse widths ranging from 30 to 80 nanosec- 
onds. The reset to set resistance ratios are all separated 
by almost a full order of magnitude or more and are thus 
fully adequate to assure error free electrical detection 
between the set and reset conditions for digital memory 
applications. The reset energy at 30 nanoseconds is 
less than 10* 7 Joules. 

Fig. 7 is a graphical presentation of data depicting 
the set resistance of the device in kilohms in relation to 
the number of set pulses sequentially applied to the de- 
vice. It is to be noted that the set resistance decreases 
as a function of the number of set pulses, thereby pro- 
viding a gray scale or adaptive memory capability. For 
the data shown in Fig. 7, set pulses of about 50 nano- 
seconds at about 5 volts and about 40 milliamps were 
applied and the resistance was measured after each 
pulse before the next pulse in the sequence was ap- 
plied. The data show that the set resistance can be driv- 
en down in increments by the sequential application of 
set pulses, thereby allowing the material to be set at dif- 
ferent levels over the spectrum between completely 
amorphous and completely crystalline states. 

Fig. 8 shows data taken on the device "on" resist- 
ance in ohms in relation to load resistance in ohms. The 
load resistance is connected in series with the device 
and hence serves to determine the magnitude of the cur- 
rent flow upon firing. The data were taken using a 
threshold voltage of 12 volts. The "on" resistance of the 
device decreases rapidly as a function of increasing set 
current down to a level of 100 ohms or so 

It will be seen from the foregoing that the electrically 
erasable phase change memory of the present inven- 
tion provides remarkable improvements in performance 
over that attainable with prior art electrically erasable 
phase change memories which permit the widespread 
application of such memories beyond that possible with 
such prior art memories. It is to be understood that the 
disclosure set forth herein is presented in the form of the 
detailed embodiments described for the purpose of 
making a full and complete disclosure of the present in- 
vention, and that such details are not to be interpreted 
as limiting in any way the true scope of this invention as 
set forth and defined in the claims. 



Claims 

1. An electrically erasable phase change memory 
comprising: 

5 

(a) at least one pore of phase change material 
(36) which is capable of being reversibly elec- 
trically switched between at least two electrical- 
ly detectable states, the first of said at least two 

10 detectable states having a local atomic order 

which is detectably less ordered than the local 
atomic order of the second of said at least two 
detectable states; 

(b) electrical contact means (24, 32, 34, 38, 40) 
15 making electrical contact with at least two por- 
tions of said pore to establish an electrical path 
through said pore between the points of contact 
with said at least two portions; and 

(c) means (52) for applying electrical signals to 
20 said electrical contact means to cause reversi- 
ble switching of at least a volume portion of said 
phase change material in said electrical path in 
said pore between said at least two detectable 
states, said first detectable state being charac- 

25 terized by an electrical conductivity which is 

lower than that of said second detectable state; 
said memory is characterized in that 

(d) said phase change material being com- 
prised of a plurality of elements which are com- 

30 positionally and stoichiometrically arranged 

such that they are distributed within said phase 
change material in said first detectable state 
and are converted into said second detectable 
state in said volume portion with substantially 

35 the same average local density of distribution 

of the constituent elements as present in 'said 
first detectable state. 

2. An electrically erasable phase change memory as 
40 set forth in claim 1 in which said plurality of elements 

distributed within said phase change material in 
said first detectable state are substantially fully ab- 
sorbed in one or more crystalline phases in said vol- 
ume portion of second detectable state. 

45 

3. An electrically erasable phase change memory as 
set forth in claim 1 wherein said phase change ma- 
terial comprises Te, Ge and Sb as the principal el- 
ements thereof, which are distributed in the amor- 

50 phous state substantially in the ratio 
Te a Ge b Sb 10 o-( a+ b). where the subscripts are in 
atomic percentages which total 1 00% of the constit- 
uent elements and a is equal to or less than about 
70% and b is between about 15% to about 50%. 

55 

4. An electrically erasable phase change memory as 
set forth in claim 3 where a is equal to or less than 
about 60% and b is between about 17% to about 
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44%. 

5. An electrically erasable phase change memory as 
set forth in claim 1 in which the band gap of said 
phase change material is substantially reduced in 5 
the transition from said first detectable state to said 
second detectable state. 

6. An electrically erasable phase change memory as 

set forth in claim 2 in which said one or more crys- 10 
talline phases includes at least one multi-element 
crystalline phase. 

7. An electrically erasable phase change memory as 

set forth in claim 2 in which said one or more crys- '5 
talline phases includes a plurality of multi-element 
crystalline phases. 

8. An electrically erasable phase change memory as 

set forth in claim 2 in which said one or more crys- 20 
talline phases comprises a plurality of crystalline 
phases. 

9. An electrically erasable phase change memory as 

set forth in claim 8 in which the crystallization tern- 25 
peratures of said plurality of crystalline phases are 
ail within about 100 C of each other. 

10. An electrically erasable phase change memory as 

set forth in claim 2 in which the crystallites in said 30 
multi-element crystalline phases have a character- 
istic dimension of less than about 1 ,000 Angstroms. 

11. An integrated circuit electrically erasable phase 
change memory comprising: 35 

(a) a single crystal semiconductor substrate 
(10); 

(b) a plurality of electrically erasable phase 
change memory elements (30) formed on said 40 
substrate; 

(c) each of said memory elements comprising 
a pore of phase change material (36) and an 
integrated circuit diode (26) positioned vertical- 
ly with respect to each other on said substrate, 45 
said diode and said pore of phase change ma- 
terial being electrically connected in series with 
each other; 

and 

(d) integrated electrical contact means extend- so 
ing across said substrate over the upper and 
lower portions respectively of said memory el- 
ements and making electrical contact on one 
side of each of said memory elements with said 
pore of phase change material and on the other 55 
side of each of said memory elements with said 
diode and thereby providing means for selec- 
tively and individually electrically setting, eras- 
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ing and reading said memory elements; said 
circuit being characterized in that 
(e) said phase change material being com- 
prised of a plurality of elements which are com- 
positionally and stoichiometrically arranged 
such that they are distributed within said phase 
change material in a first substantially amor- 
phous state and are converted into a second 
substantially crystalline state in at least a vol- 
ume portion of said pore with substantially the 
same average local density of distribution of the 
constituent elements as present in said sub- 
stantially amorphous state. 

12. An integrated circuit electrically erasable phase 
change memory as set forth in claim 1 1 further com- 
prising signal generating means (52) electrically 
connected to said contact means for generating and 
applying selectively to said memory elements set, 
erase and read pulses. 

13. An integrated circuit electrically erasable phase 
change memory as set forth in claim 12 in which 
said signal generating means includes means for 
generating and applying set pulses of less than 1 00 
nanoseconds in width. 

14. An integrated circuit electrically erasable phase 
change memory as set forth in claim 11 in which 
said diode comprises a semiconductor junction. 

15. An integrated circuit electrically erasable phase 
change memory as set forth in claim 14 wherein 
said semiconductor junction is formed at a surface 
extending substantially parallel to the surface of 
said substrate. 

16. An integrated circuit electrically erasable phase 
change memory as set forth in claim 14 in which 
said semiconductor junction comprises a Schottky 
barrier. 

17. An integrated circuit electrically erasable phase 
change memory as set forth in claim 14 in which 
said semiconductor junction comprises a p-n junc- 
tion. 

18. An integrated circuit electrically erasable phase 
change memory as set forth in claim 17 in which 
said p-n junction is formed at a surface extending 
substantially parallel to the surface of said sub- 
strate. 

19. An integrated circuit electrically erasable phase 
change memory as set forth in claim 16 in which 
said Schottky barrier is formed at a surface extend- 
ing substantially parallel to the surface of said sub- 
strate. 
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20. An integrated circuit electrically erasable phase 
change memory as set forth in claim 15 in which 
said one side and said other side of each of said 
memory elements which make electrical contact 
with said integrated electrical contact means are s 
positioned in vertical relationship to each other. 

21. An integrated circuit electrically erasable phase 
change memory as set forth in claim 20 in which 
said one side and said other side of each of said io 
memory elements which make electrical contact 
with said integrated electrical contact means in- 
clude contact surfaces which extend substantially 
parallel to each other and to the surface of said sub- 
strate. 15 

22. An integrated circuit electrically erasable phase 
change memory as set forth in claim 11 in which 
said phase change material comprises Te J Ge and 

Sb as the principal elements thereof, which are dis- 20 
tributed in the amorphous state substantially in the 
ratio Te a Ge b Sb 100 . (a+b) , where the subscripts are in 
atomic percentages which total 1 00% of the constit- 
uent elements and a is equal to or less than about 
70% and b is between about 1 5% to about 50%. 25 

23. An integrated circuit electrically erasable phase 
change memory as set forth in claim 22 where a is 
equal to or less than about 60% and b is between 
about 1 7% to about 44%. so 



24. An integrated circuit electrically erasable phase 
change memory as set forth in claim 1 1 further com- 
prising a layer (44) of encapsulating material ex- 
tending over and encapsulating and sealing said 
memory elements against external environmental 
influences. 
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25. An integrated circuit electrically erasable phase 
change memory as set forth in claim 11 in which 
said pore of phase change material is less than one 
micrometer in diameter. 

26. An electrically erasable phase change memory as 
set forth in claim 1 in which the diameter of said pore 
is less than one micrometer. 
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27. An electrically erasable phase change memory as 
set forth in claim 2 in which the diameter of said pore 
is less than one micrometer. so 



Patentanspruche 

1. Elektrisch loschbarer Phasenanderungsspeicher, ss 
der folgendes aufweist: 

(a) wenigstens eine Pore aus einem Phasen- 



anderungsmaterial (36), das reversibel elek- 
trisch zwischen wenigstens zwei elektrisch er- 
faBbaren Zustanden geschaltet werden kann, 
wobei.der erste der wenigstens zwei erfaBba- 
ren Zustande eine lokale Atomordnung auf- 
weist, die erfaBbar weniger geordnet als die lo- 
kale Atomordnung des zweiten von wenigstens 
zwei erfaBbaren Zustanden ist; 

(b) elektrische Kontaktmittel (24, 32, 34, 38, 40) 
zum Herstellen eines elektrischen Kontakts mit 
wenigstens zwei Abschnitten der Pore, urn ei- 
nen elektrischen Pfad durch die Pore zwischen 
den Kontaktpunkten mit den wenigstens zwei 
Abschnitten herzustellen; sowie 

(c) M'rttel (52) zum Anlegen von elektrischen Si- 
gnalen auf die elektrischen Kontaktmittel, urn 
ein reversibles Umschalten wenigstens eines 
Volumenabschnitts des Phasenanderungsma- 
terials in dem elektrischen Pfad in der Pore zwi- 
schen den wenigstens zwei erfaBbaren Zu- 
standen herzustellen, wobei der erste erfaBba- 
re Zustand durch eine elektrische Leitfahigkeit 
gekennzeichnet ist, die unter derjenigen des 
zweiten erfaBbaren Zustandes liegt; wobei der 
Speicher dadurch gekennzeichnet ist, daB 

(d) das Phasenanderungsmaterial aus einer 
Vielzahl von Elementen besteht, die zusam- 
mensetzungsmaBig und stdchiometrisch der- 
art angeordnet sind, daB sie in dem ersten er- 
faBbaren Zustand in dem Phasenanderungs- 
material verteilt sind und in den zweiten 
erfaBbaren Zustand in dem Volumenabschnitt 
mit im wesentlichen der gleichen durchschnitt- 
lichen lokalen Verteilungsdichte der Elementar- 
bestandteile umgewandelt werden, wie sie im 
ersten erfaBbaren Zustand vorliegt. 

Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 1 , bei welchem die mehreren in dem 
Phasenanderungsmaterial verteilen Elemente im 
ersten erfaBbaren Zustand im wesentlichen vollig 
in einer Oder mehreren kristallinen Phasen in dem 
Volumenabschnitt des zweiten erfaBbaren Zu- 
stands absorbiert sind. 

Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 1 , bei welchem das Phasenande- 
rungsmaterial Te, Ge und Sb als Hauptelemente 
aufweist, die im amorphen Zustand im wesentlichen 
im Verhaltnis Te a Ge b Sb 100 _ (a+b) verteilt sind, wobei 
die Indizes in Atomanteilen insgesamt 100% der 
Elementarbestandteile ausmachen, a kleiner oder 
gleich etwa 70% ist und b zwischen etwa 15% und 
etwa 50% liegt. 

Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 3, bei welchem a kleiner Oder gleich 
etwa 60% ist und b zwischen etwa 17% und etwa 
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44% liegt. 

5. Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 1, bei wslchem die Bandlucke des 
Phasenanderungsmaterials beim Ubergang aus s 
dem ersten erfaBbaren Zu stand in den zweiten er- 
faBbaren Zustand wesentlich reduziert ist. 

6. Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 2, bei welchem die eine Oder meh- to 
reren kristallinen Phasen wenigstens eine kristalli- 

ne Mehrelementphase umfassen. 

7. Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 2, bei welchem die eine Oder meh- is 
reren kristallinen Phasen eine Vielzahl von kristal- 
linen Mehrelementphasen umfassen. 

8. Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 2, bei welchem die eine oder meh- 20 
reren kristallinen Phasen eine Vielzahl von kristal- 
linen Phasen aufweisen. 

9. Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 8, bei welchem die Kristallisierungs- 25 
temperaturen der Vielzahl von kristallinen Phasen 
zueinander alle innerhalb von 100°C liegen. 

10. Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 2, bei welchem die Kristalliten in den 30 
kristallinen Mehrelementphasen eine charakteristi- 
sche Ausdehnung von weniger als etwa 1000 
Angstrom aufweisen. 

11. Integrierte Schaltung mit einem elektrisch loschba- 35 
ren Phasenanderungsspeicher, die folgendes auf- 
weist: 

(a) ein Einkristallhalbleitersubstrat (10), 

(b) eine auf dem Substrat ausgebildete Vielzahl *o 
von elektrisch loschbaren Phasenanderungs- 
speicherelementen (30); 

(c) wobei jedes Speicherelement eine Pore aus 
Phasenanderungsmaterial (36) und eine inte- 
grierte Schaltungsdiode (26) aufweist, die auf 45 
dem Substrat vertikal zueinander positioniert 
sind, wobei die Diode und die Pore aus Pha- 
senanderungsmaterial elektrisch miteinander 

in Reihe geschaltet sind, 

(d) integrierte elektrische Kontaktmittel, die so 
sich uber dem oberen bzw. unteren Abschnitt 
der Speicherelemente uber das Substrat er- 
st recken und den elektrischen Kontakt an eine r 
Seite jedes Speicherelements mit der Pore des 
Phasenanderungsmaterial und an der anderen 55 
Seite jedes Speicherelements mit der Diode 
herstellen unddadurch Mittel vorsehen, um die 
Speicherelemente selektiv und individuell elek- 



trisch einzustellen, zu loschen und auszulesen, 
wobei die Schaltung dadurch gekennzeichnet 
ist, daB 

(e) das Phasenanderungsmaterial aus einer 
Vielzahl von Elementen besteht, die zusam- 
mensetzungsmaBig und stdchiometrisch der- 
art angeordnet sind, daB sie in einem ersten, 
im wesentlichen amorphen Zustand in dem 
Phasenanderungsmaterial verteilt sind und in 
einen zweiten, im wesentlichen kristallinen Zu- 
stand in wenigstens einem Volumenabschnitt 
der Pore mit im wesentlichen der gleichen 
durchschnitt lichen lokalen Verteilungsdichte 
der Elementarbestandteile umgewandelt wer- 
den, wie sie im ersten, amorphen Zustand vor- 
liegt. 

12. Integrierte Schaltung mit elektrisch Idschbarem 
Phasenanderungsspeicher nach Anspruch 11, die 
ferner eine Signalerzeugungseinrichtung (52) auf- 
weist, die elektrisch mit den Kontaktmitteln verbun- 
den ist, um Einstell-, Losch- und Leseimpulsezu er- 
zeugen und selektiv an die Speicherelemente an- 
zulegen. 

13. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 1 2, bei 
welcher die Signalerzeugungseinrichtung Mittel 
zum Erzeugen und Anlegen von Einstellimpulsen 
mit einer Breite von weniger als 1 00 Nanosekunden 
umfaBt. 

14. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 11, bei 
welcher die Diode einen Halbleiterubergang auf- 
weist. 

15. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 1 4, bei 
welchem der Halbleiterubergang an einer Flache 
gebildet ist, die sich im wesentlichen parallel zu der 
Oberflache des Substrats erstreckt. 

16. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 14, bei 
welchem der Halbleiterubergang eine Schottky- 
Barriere aufweist. 

17. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 1 4, bei 
welchem der Halbleiterubergang einen pn-Uber- 
gang aufweist. 

18. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 1 7, bei 
welchem der pn-Obergang an einer Flache gebildet 
ist, die sich im wesentlichen parallel zu der Oberfla- 
che des Substrats erstreckt. 
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19. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 16, bei 
welchem die Schottky-Barriere an einer Flache ge- 
bildet ist, die sich im wesentlichen parallel zu der 
Oberflache des Substrats erstreckt. s 

20. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 15, bei 
welchem die eine Seite und die andere Seite jedes 
Speicherelements, die den elektrischen Kontakt mit 10 
den integrierten elektrischen Kontaktmitteln her- 
stellen, in vertikaler Beziehung zueinander positio- 
niert sind. 

21. Integrierte Schaltung mit elektrisch loschbarem is 
Phasenanderungsspeicher nach Anspruch 20, bei 
welchem die eine Seite und die andere Seite jedes 
Speicherelements, die den elektrischen Kontakt mit 
den integrierten elektrischen Kontaktmitteln her- 
stellen, Kontaktflachen umfassen, die sich im we- 20 
sentlichen parallel zueinander und zu der Oberfla- 
che des Substrats erstrekken. 

22. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 11, bei 25 
welchem das Phasenanderungsmaterial Te, Ge 
und Sb als Hauptelemente aufweist, die im amor- 
phen Zustand im wesentlichen im Verhaltnis 
Te a Ge b Sb 100 _ (a+b ) verteilt sind, wobei die Indizes in 
Atomanteilen insgesamt 100% der Elementarbe- 30 
standteile ausmachen, a kleiner oder gleich etwa 
70% ist und b zwischen etwa 15% und etwa 50% 
liegt. 

23. Integrierte Schaltung mit elektrisch loschbarem 35 
Phasenanderungsspeicher nach Anspruch 22, bei 
welchem a kleiner oder gleich etwa 60% und b zwi- 
schen etwa 17% und etwa 44% liegt. 

24. Integrierte Schaltung mit elektrisch loschbarem 40 
Phasenanderungsspeicher nach Anspruch 11, die 
ferner eine Schicht (44) aus Einkapselungsmaterial 
aufweist, die sich uber die Speicherelemente er- 
streckt, sie einkapselt und gegen auBere Umwelt- 
einflusse abdichtet. 45 

25. Integrierte Schaltung mit elektrisch loschbarem 
Phasenanderungsspeicher nach Anspruch 11, bei 
welchem die Pore des Phasenanderungsmaterials 
einen Durchmesser von weniger als einem Mikro- so 
meter aufweist. 

26. Elektrisch loschbarer Phasenanderungsspeicher 
nach Anspruch 1, bei welchem die Pore einen 
Durchmesser von weniger als einem Mikrometer $$ 
aufweist. 

27. Elektrisch loschbarer Phasenanderungsspeicher 
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nach Anspruch 2, bei welchem die Pore einen 
Durchmesser von weniger als einem Mikrometer 
aufweist. 



Revendicatlons 

1 . Memoire a changement de la phase effacable elec- 
triquement comprenant : 

(a) au moins un pore de materiau (36) a chan- 
gement de la phase qui est capable d'etre com- 
mute electriquement de maniere reversible en- 
tre au moins deux etats electriquement detec- 
tables, le premier de ces deux etats detectables 
au moins ayant un ordre atomique local qui est 
de facon detectable moins ordonne que I'ordre 
atomatique local du second des deux dits etats 
detectables au moins ; 

(b) des moyens de contact electrique (24, 32, 
34, 38, 40) en contact electrique avec au moins 
deux parties dudit pore pour etablir un passage 
electrique a travers ledit pore entre les points 
de contact avec les deux dites parties au 
moins ; et 

(c) des moyens pour appliquer des signaux 
electriques audit moyen de contact electrique 
pour commuter de facon reversible au moins 
une partie du volume dudit materiau a change- 
ment de la phase sur ledit passage electrique 
dans ledit pore entre les deux dits 6tats detec- 
tables au moins, ledit premier etat detectable 
etant caracterise par une conductivity electri- 
que qui est inferieure a celle dudit second etat 
detectable ; ladite memoire etant caracterisee 
en ce que : 

(d) ledit materiau a changement de la phase est 
constitue d'une pluralite d'elements qui sont 
constitues du point de vue composition et stoe ; 
chiometrie de maniere a etre repartis a I'inte- 
rieur dudit materiau a changement de la phase 
dans ledit premier etat detectable et qui sont 
convertis vers ledit second etat detectable dans 
ladite partie de volume avec une densite locale 
moyenne sensiblement identique de distribu- 
tion des elements constituants que dans ledit 
premier etat detectable. 

2. M6moire a changement de la phase effacable elec- 
triquement selon la revendication 1 , dans laquelle 
ladite pluralite d'elements distribues dans ledit ma- 
teriau a changement de la phase dans ledit premier 
etat detectable sont absorbes sensiblement en to- 
tality dans une ou plusieurs phases cristallines de 
ladite partie de volume du second etat detectable. 

3. Memoire a changement de la phase effacable elec- 
triquement selon la revendication 1, dans laquelle 
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ledit materiau a changement de la phase contient 
comme elements principaux Te, Ge et Sb qui sont 
distribues a I'etat amorphe sensiblement dans le 
rapport Te a Ge b Sb 100 (a+b) 9 ou les indices sont 
des pourcentages atomiques dont le total atteint 5 
100 % des elements constituants, avec a egal ou 
inferieur a 70 % et b compris entre environ 15 % et 
environ 50 %. 

4. Memoire a changement de la phase effacable elec- io 
triquement selon la revendication 3, dans laquelle 

a est egal ou inferieur a 60 % et b est compris entre 
environ 17 % et environ 44 %. 

5. Memoire a changement de la phase effacable elec- is 
triquement selon la revendication 1 , dans laquelle 

la bande interdite dudit materiau a changement de 
la phase est sensiblement reduite dans le transition 
entre ledit premier etat detectable et ledit second 
etat detectable. 20 

6. Memoire a changement de la phase effacable elec- 
triquement selon la revendication 2, dans laquelle 
la ou lesdites phases cristallines comprennent au 
moins une phase cristalline a plusieurs elements. 2s 

7. Memoire a changement de la phase effacable elec- 
triquement selon la revendication 2, dans laquelle 
la ou lesdites phases cristallines comprennent une 
pluralite de phases cristallines a plusieurs ele- 30 
ments. 

8. Memoire a changement de la phase effacable elec- 
triquement selon la revendication 2, dans laquelle 

la ou lesdites phases cristallines comprennent une 35 
pluralite de phases cristallines. 

9. Memoire a changement de la phase effacable elec- 
triquement selon la revendication 8, dans laquelle 

les temperatures de cristallisation desdites multi- *o 
pies phases cristallines se situent toutes a environ 
100° C Tune de I'autre. 

10. Memoire a changement de la phase effacable elec- 
triquement selon la revendication 2, dans laquelle 45 
les cristallites desdites phases cristallines a plu- 
sieurs elements ont une dimension caracteristique 
inferieure a environ 1 .000 angstroms. 

1 1 . Memoire a changement de la phase effacable elec- so 
triquement realisee sous forme de circuit integre 
comprenant : 

(a) un substrat (10) semi-conducteur monocris- 
tallin, 55 

(b) une pluralite d'elements de memoire (30) a 
changement de la phase effacables electrique- 
ment formes sur ledit substrat ; 
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(c) chacun desdits elements de memoire com- 
prenant un pore du materiau (36) a change- 
ment de la phase et une diode (26) a circuit in- 
tegre placee verticalement Tun par rapport a 
I'autre sur ledit substrat, ladite diode et ledit po- 
re du materiau a changement de la phase etant 
electriquement connectes en serie entre eux : 

(d) des moyens de contact electrique integres 
places en t ravers dudit substrat au-dessus des 
parties superieures et inferieures respectives 
desdits Elements de memoire et ass u rant des 
contacts electriques sur une face de chacun 
desdits elements de memoire avec ledit pore 
du materiau a changement de la phase et sur 
('autre face de chacun desdits elements de me- 
moire avec ladite diode et en constituant ainsi 
des moyens pour posit ionner, efface r et lire 
electriquement de maniere selective et indivi- 
duelle lesdits elements de memoire ; ledit cir- 
cuit etant caracterise en ce que 

(e) ledit materiau a changement de la phase est 
constitue d'une pluralite d'elements qui sont 
agences du point de vue composition et stoe- 
chiometrie de maniere a Stre distribues dans le- 
dit materiau a changement de la phase en un 
premier etat sensiblement amorphe puis con- 
vertisen un second 6tat sensiblement cristallin 
dans au moins une partie de volume dudit pore 
avec sensiblement la meme densite moyenne 
locate de distribution des elements constituants 
que dans ledit 6tat amorphe. 

1 2. Memoire a changement de la phase effacable elec- 
triquement a circuit integre selon la revendication 

1 1 , comprenant encore des moyens generateurs de 
signaux (52) Electriquement connectes audit 
moyen de contact pour creer et appliquer select ive- 
ment des impulsions de positionnement d'efface- 
ment et de lecture auxdits elements de memoire. 

1 3. Memoire a changement de la phase effacable elec- 
triquement a circuit integre selon la revendication 

12, dans laquelle lesdits moyens generateurs de si- 
gnaux comprennent des moyens pour former et ap- 
pliquer des impulsions de positionnement d'une lar- 
geur de moins de 100 nanosecondes. 

14. Memoire a changement de la phase effacable elec- 
triquement a circuit integre selon la revendication 
11, dans laquelle ladite diode comprend une jonc- 
tion a semi-conducteur. 

15. Memoire a changement de la phase effacable elec- 
triquement a circuit integre selon la revendication 
14, dans laquelle (adite jonction de semi-conduc- 
teur est formee sur une surface orientee sensible- 
ment dans une direction parallele a la surface dudit 
substrat. 
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16. Memoire a changement de la phase effacable 6lec- 
triquement a circuit integre selon la revendication 
14, dans laquelle ladite jonction de semi-conduc- 
teur comprend une barriere de Schottky. 

5 

17. M6moire a changement de la phase effacable 6lec- 
triquement a circuit integre selon la revendication 

14, dans laquelle ladite jonction de semi-conduc- 
teur comprend une jonction p-n. 

10 

18. Memoire a changement de la phase effacable elec- 
triquement a circuit integre selon la revendication 
1 7, dans laquelle la jonction p-n est formed sur une 
surface orientee sensiblement dans une direction 
parallele a la surface dudit substrat. is 

19. Memoire a changement de la phase effacable elec- 
trtquement a circuit integre selon la revendication 
16, dans laquelle ladite barriere de Schottky est for- 
mee sur une surface orientee sensiblement dans 20 
une direction parallele a la surface dudit substrat. 

20. M6moire a changement de la phase effacable 6lec- 
triquement a circuit intSgre" selon la revendication 

1 5, dans laquelle la dite face et ladite seconde face 25 
de chacun desdits elements de memoire qui sont 

en contact Electrique avec lesdits moyens integres 
de contact electrique sont places en relation verti- 
cale I'un par rapport a I'autre. 

30 

21 . M6moire a changement de la phase effacable 6lec- 
triquement a circuit integre selon la revendication 
20, dans laquelle ladite premiere face et ladite se- 
conde face de chacun desdits elements de memoi- 
re qui sont en contact electrique avec lesdits 35 
moyens de contact electrique integres compren- 
nent des surfaces de contact qui s'etendent sensi- 
blement dans une direction parallele entre elles et 
parallele a la surface dudit substrat. 

40 

22. M6moire a changement de la phase effacable elec- 
triquement a circuit int6gre" selon la revendication 
11, dans laquelle ledit materiau a changement de 
la phase comprend Te, Ge et Sb comme elements 
principaux, lesquels sont distribues a I'etat amorphe 45 
sensiblement dans le rapport Te a Ge b Sb 100 . (a+b)9 ou 

les indices sont des pourcentages atomiques qui to- 
talised 100 % des elements constituants et a est 
6gal ou inf6rieur a environ 70 %, b etant compris 
entre 1 5 % environ et 50 % environ. so 

23. Memoire a changement de la phase effacable elec- 
triquement a circuit integre selon la revendication 
22, dans laquelle a est egal ou inferieur a environ 

60 % et b compris entre environ 1 7 % et environ 44 ss 

%. 

24. Memoire a changement de la phase effafable elec- 



triquement a circuit int6gr6 selon la revendication 
11, comprenant encore une couche (44) du mate- 
riau d'encapsulage s'etendant par-dessus pour en- 
capsuler et rendre etanche lesdits elements de me- 
moire par rapport aux influences de Penvironne- 
ment ext6rieur. 

25. Memoire a changement de la phase effacable elec- 
triquement a circuit int6gr6 selon la revendication 
11, dans laquelle ledit pore du mat6riau a change- 
ment de la phase mesure moins d'un micrometre 
de diametre. 

26. Me" moire a changement de la phase effacable 6lec- 
triquement selon la revendication 1, dans laquelle 
le diametre dudit pore mesure moins d'un microme- 
tre. 

27. M6moire a changement de la phase effacable elec- 
triquement selon la revendication 2, dans laquelle 
le diametre dudit pore mesure moins d'un microme- 
tre. 
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